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TautomerismAbstract Accurate ab-initio and semi-empirical molecular orbital calculations with full geometry
optimization were performed on the various tautomeric forms of some 2,3-dihydro-1,4-diazepines
and related molecules. The highly accurate ab-initio calculations at the HF/6–31G** level with
Mo¨ller-Plesset Second-Order Perturbation Theory (MP2) reﬁnement clearly established the higher
stability of the enamine tautomer of the 1,4-diazepine ring over the di-imine form by 27.786 kJ/mol,
whereas the semi-empirical calculations at the NDDO level (AM1 and PM3) predicted comparable
energies within reported errors of the two methods. However, both ab-initio and semi-empirical
NDDO methods predicted similar geometries in agreement with observed geometrical parameters.
The AM1 calculations predicted small energy differences among the three tautomeric forms of 2,3-
dihydro-5-methyl 7-phenyl 1,4-diazepine with the more polar enamine tautomer being the more sta-
ble tautomer in the half-chair conformation which is likely to predominate in polar media through
stabilizing intermolecular solute-solvent interactions.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.
Open access under CC BY-NC-ND license.1. Introduction
The medicinal success of 1,4-benzodiazepines I (Fig. 1)
(Sternbach et al., 1963, 1964; Rudzik et al., 1973; Mattila and
Larni, 1980; Tallman et al., 1980; Rall, 1990) continues to stim-
ulate considerable interest (Cazaux et al., 1983; Scahill andSmith, 1983; Salman et al., 1986; Gilman et al., 1990, 1993;
Hamdi and Ahmed, 1993, 1996; Zycov et al., 1993; Pihlaja
et al., 1997; Simeonov et al., 1997; Zahra et al., 2003;
Venkatraj and Jeyaraman, 2006; Meanwell and Walker, 2008;
Thakur et al., 2010) in this important class of N-heterocyclic
compounds and related systems. The well-documented depen-
dence of the biological activity of these systems on the stereo-
chemistry of the seven-membered ring system (Fryer et al.,
1986) is largely responsible for the continued interest in the
study of the tautomerism of the 1,4-diazepines using a diversity
of experimental and theoretical techniques such asNMR,X-ray
diffraction and molecular mechanics calculations.
These studies have indicated that the chair-form of the
seven-membered system has the lowest energy. However, a
Table 1 Selected bond lengths (A˚), bond angles () and
dihedral angles () for tautomer II(A) of the 2,3-dihydro 1,4-
diazepine parent system. For key, see Fig. 1.
Quantum chemical calculations
Ab-initio Semi-empirical
3-21G 6-31G** 6-31G** MP2 AM1 PM3
Bond lengths (A˚)
N(1)–C(2) 1.4729 1.4526 1.4646 1.4292 1.4551
C(2)–C(3) 1.5373 1.5254 1.5252 1.5369 1.5253
C(3)–N(4) 1.4727 1.4499 1.4630 1.4290 1.4549
N(4)–C(5) 1.2522 1.2496 1.2846 1.2763 1.2831
C(5)–C(6) 1.5152 1.5189 1.5184 1.4918 1.4898
C(6)–C(7) 1.5153 1.5147 1.511 1.4918 1.4898
C(7)–N(1) 1.2522 1.2495 1.2853 1.2763 1.2832
N(4)–H – – –
C(6)–H 1.09 1.091 1.1025 1.128 1.111
N(1)  N(4) 3.236 3.181 3.182 3.188 3.165
Bond angles ()
N(1)–C(2)–C(3) 114.53 113.240 111.355 117.772 115.564
C(2)–C(3)–N(4) 114.622 118.201 118.680 117.875 115.631
C(3)–N(4)–C(5) 123.795 124.663 122.909 125.608 126.855
N(4)–C(5)–C(6) 131.755 131.248 130.980 133.694 131.486
C(5)–C(6)–C(7) 121.594 116.947 114.377 119.115 121.034
C(6)–C(7)–N(1) 131.637 126.720 125.725 133.635 131.392
C(5)–C(6)–H 106.862 108.576 109.304 107.089 106.751
C(7)–C(6)–H 106.918 109.045 109.511 107.085 106.751
C(5)–N(4)–H – – – – –
H–C(2)–H 107.79 106.893 109.083 107.203 106.539
H–C(6)–H 105.152 105.592 106.015 107.002 105.532
Dihedral angles ()
C(5)–C(6)–
C(7)–N(1)
13.553 50.098 36.255 10.891 11.779
C(6)–C(7)–
N(1)–C(2)
1.9798 0.978 57.585 0.487 0.951
C(7)–N(1)–
C(2)–C(3)
48.037 67.380 1.685 41.908 44.742
C(5)–N(4)–
C(3)–C(2)
47.113 19.923 73.377 41.260 43.919
N(1)–C(2)–
C(3)–N(4)
78.037 72.149 71.569 66.450 70.112
H–C(7)–N(1)–
C(2)
179.477 179.699 178.732 178.866 179.207
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Figure 1 The structures of some 1,4-diazepines.
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was also established by NMR spectroscopy for the diazepine
ring in some 1,4-benzodiazepines and related 2,4-benzodiaze-
pines (Venkatraj and Jeyaraman, 2006).
Although early theoretical investigations have used the rel-
atively faster but inheritably less rigorous molecular mechanics
(MM) methods, more recent reports have used the relatively
more accurate semi-empirical methods particularly AM1 and
PM3 which provide a satisfactory account of the molecular
geometries and relative energies of large molecular systems
(Dewar et al., 1985, 1993; Stewart, 1989; Feller and Peterson
1998). Nevertheless, even with the current advances in compu-
tational techniques and widely available fast computers, the
use of the more accurate ab-initio methodologies is prohibi-
tively restricted to small and medium sized molecular systems
unless highly sophisticated and dedicated parallel computing
facilities are employed.
In this work, a combination of standard semi-empirical
techniques (AM1 and PM3) and accurate ab-initio MO calcu-
lations are employed for the determination of stabilities and
equilibrium geometries of the various tautomeric forms of
some representative 1,4-diazepines. Typical Structures are
shown in Fig. 1.2. Computational methods
Ab-intio calculations were performed with the Gaussian 03W
package (Frisch et al., 2004). Semi-empirical calculations were
performed using the original parameter set of the MOPAC 6
package (Dewar et al., 1985; Stewart, 1989). The geometries
of the various tautomeric forms of 2,3-dihydro-1,4-diazepines
are obtained using full geometry optimization at both the
semi-empirical and ab-initio methods. Ab-initio full geometry
optimization was carried out using the GDIIS method
(Pulay, 1980, 1982; Csaszar and Pulay, 1984; Farkas, 1995;
Farkas and Schlegel 1999) at the HF/3–21G, HF/6–31G**
and HF/6–31G** MP2 levels.
The ground state molecular energies and stabilities of these
systems were computed at a higher level of a basis set using
extended HF/6–31G** basis set with diffuse functions and
reﬁned usingMo¨ller-Plesset Second-Order Perturbation Theory
(MP2) calculations aimed at accounting for the correlation
energy.
Table 2 Selected bond lengths (A˚), bond angles () and
dihedral angles ()for tautomer II(B) of the 2,3-dihydro 1,4-
diazepine parent system. For key, see Fig. 1.
Quantum chemical calculations
Ab-initio Semi-empirical
3-21G 6-31G** 6-31G** MP2 AM1 PM3
Bond lengths (A˚)
N(1)–C(2) 1.4663 1.4452 1.4515 1.4280 1.4555
C(2)–C(3) 1.550 1.5345 1.5482 1.5454 1.530
C(3)–N(4) 1.4559 1.4459 1.4496 1.433 1.4738
N(4)–C(5) 1.3579 1.3537 1.3642 1.374 1.4148
C(5)–C(6) 1.33935 1.3452 1.3708 1.3565 1.3453
C(6)–C(7) 1.4577 1.4662 1.4516 1.4474 1.4506
C(7)–N(1) 1.266 1.261 1.3023 1.2876 1.2918
N(4)–H 0.9956 0.9938 1.0129 0.9956 0.9970
C(6)–H 1.072 1.075 1.0879 1.102 1.098
N(1)–N(4) 3.1952 3.1977 3.2451 3.201 3.217
Bond angles ()
N(1)–C(2)–C(3) 121.111 115.574 112.606 116.505 113.537
C(2)–C(3)–N(4) 112.037 112.572 112.444 116.318 115.384
C(3)–N(4)–C(5) 123.678 123.225 121.707 123.504 120.786
N(4)–C(5)–C(6) 129.083 128.675 127.886 129.387 129.273
C(5)–C(6)–C(7) 128.334 128.498 129.139 127.374 128.941
C(6)–C(7)–N(1) 130.979 131.135 130.272 131.588 129.153
C(5)–C(6)–H 116.601 116.190 115.221 117.565 117.13
C(7)–C(6)–H 115.061 115.286 115.611 115.060 113.918
C(5)–N(4)–H 118.24 116.750 116.447 115.493 110.299
H–C(2)–H 108.311 107.160 108.104 107.535 106.699
Dihedral angles ()
C(5)–C(6)–
C(7)–N(1)
16.145 16.193 20.293 12.225 15.405
C(6)–C(7)–
N(1)–C(2)
1.497 1.996 0.968 0.4478 2.1755
C(7)–N(1)–
C(2)–C(3)
52.814 52.134 59.554 45.416 48.427
C(5)–N(4)–
C(3)–C(2)
49.614 51.539 43.875 44.509 47.023
N(1)–C(2)–
C(3)–N(4)
79.812 79.756 87.871 72.703 78.175
H–C(7)–N(1)–
C(2)
177.5 177.462 177.452 178.796 179.99
406 S.T. Hamdi3. Results and discussion
The stereochemistry of the seven-membered ring system of 1,4-
diazepine plays an important role in the biological activity of
these molecules (Fryer et al., 1986). Although earlier studies
on these systems have employed the less accurate molecular
mechanics and semi-empirical methods a more accurate
account of the stereochemistry of these systems is required.
The 2,3-dihydro-1,4-diazepine parent system may exist in
two tautomeric forms IIA (di-imine) and IIB (enamine) (see
Fig. 1). In the present investigation, the molecular geometries
of the parent system in the two possible tautomeric forms
are calculated using large extended HF/6–31G** basis set with
diffuse functions. In all cases, full geometry optimization was
performed with no geometrical constraints in a stepwise fash-
ion starting with HF/3–21G to get an initial geometry which is
then reﬁned using the HF/6–31G** basis set. This level of ab-
initio calculation is known to give accurate molecular geome-tries and conformation energies (St-Amant et al., 1995;
Jensen, 1999; Cramer, 2002). The accurate molecular geome-
tries and molecular energies of the two forms at the HF/6–
31G** level are then further reﬁned using the Mo¨ller-Plesset
second-order perturbation theory (MP2) (Bartlett, 1981) with
full geometry optimization .
The ab-initio HF/3–21G, HF/6–31G** and HF/6–31G**
MP2 calculated molecular geometries of the two forms of
the parent system are summarized in Tables 1 and 2. For com-
parison purposes, the calculated geometrical parameters from
both the AM1 and PM3 semi-empirical methods are also listed
in Tables 1 and 2. The three-dimensional ray-traced ball and
stick diagrams based on the ab-initio geometries are displayed
in Fig. 2.
In the di-imino form (tautomer IIA), the ab-initio calcu-
lated C(7)-N(1) bond length of 1.25 , at the 6–31G** level,
is comparable with the standard azomethine C‚N bond
length of 1.24 . Whereas, in the enamine tautomer IIB, the
6–31G** calculations gave an azomethine type C‚N value
of 1.26 and an enamine type C–N value of 1.35 in agreement
with experimental values of similar CN bond types. The enam-
ine C–N value is intermediate between the single bond length
of 1.47 and the double bond length of 1.24 . The seven-mem-
bered 1,4-diazepine ring is predicted by the present ab-initio
calculation to exist in the half-chair conformation where the
C(2) and C(3) atoms are shifted above and below the ring
plane. The N(4), C(5), C(6), C(7) and N(1) atoms are nearly
planar but are twisted by 13 (see Fig. 2). It is noteworthy,
that the HF/6–31G** MP2 calculations gave slightly longer
bond lengths and expanded ring systems in comparison with
HF/6–31G**. This is in accord with the observation (Stewart
et al., 1994) that HF/6–31G** & HF/6–31G** MP2 levels
show different geometries with MP2 geometries that compare
well with observed geometries of nucleic acid bases.
The semi-empirical AM1 and PM3 methods predict similar
molecular structures for the two tautomers to those predicted
by the ab-initio methods but may differ slightly in terms of the
calculated bond lengths and bond angles with the PM3 set
compares favorably with the MP2 geometries.
The ab-initio calculated bond lengths and bond angles are,
in general (St-Amant et al., 1995; Jensen, 1999; Cramer, 2002),
more accurate than those calculated by the AM1 and PM3
methods. At the HF/3–21G level, the bond lengths are gener-
ally reproduced to within ±0.01 , while the AM1 method gives
bond lengths accurate to within ±0.03 . The bond angles are
reproduced to within ±3, whereas the dihedral angles are
usually subject to larger errors at both the ab-initio and
semi-empirical levels of theory.
The ground state molecular energies and net charges calcu-
lated by semi-empirical (AM1 and PM3) and ab-initio meth-
ods are summarized in Table 3 for the two tautomers of the
parent system.
The ab-initio calculations at all levels clearly indicate that
the enamine form (tautomers IIB) is energetically more
favored and is more stable than the di-imino form (IIA) by
12.682, 4.513 and 6.641 kcal/mol for the HF/3–21G, HF/6–
31G**, and HF/6–31G**MP2 calculations, respectively. The
calculated energy differences at all levels are much greater than
the reported errors at these levels. At the HF/6–31G** MP2
level of ab initio theory, the calculated energies are accurate
enough for most chemical applications, particularly for con-
formation energies of tautomers.
Figure 2 Ground state geometry of the parent 1,4-diazepine system computed by ab-initio MO method.
Table 3 Ground state energies and molecular properties of the parent system.
Ab-initio Semi-empirical
HF/3–21G HF/6–31G** HF/6–31G** MP2 AM1 PM3
Tautomer IIA
Total Energy kcal/mol 188967.751 190043.418 190652.087
(612.547)*
26834.332
DfH
o = 31.510
23972.896
DfH
o = 31.029
LUMO eV 4.62195 1.02777 1.01689 0.87481 0.61675
HOMO eV 9.92608 10.22142 10.29570 9.91166 9.79284
LUMO–HOMO eV 14.54803 11.24919 11.31259 10.78647 10.40959
Net Charges: N1 0.57863 0.20411 0.2062 0.18466 0.12112
N4 0.57796 0.19451 0.2063 0.18445 0.12110
C5 0.16235 0.03447 0.01784 0.06230 0.07536
C6 0.60187 0.57863 0.55946 0.19851 0.10000
C7 0.16280 0.01460 0.02509 0.06218 0.07549
Dipole Moment (Debye) 1.521 2.208 2.474 1.554 1.485
Tautomer IIB
Total Energy kcal/mol 188980.433 190047.931 190658.728
(614.068)*
26833.593
DfH
o = 32.249
23971.347
DfH
o = 32.578
LUMO eV 3.935326 0.89634 0.89471 0.58719 0.08509
HOMO eV 7.994020 8.24478 8.28669 8.54060 8.77959
LUMO–HOMO eV 11.929346 9.14112 9.18140 9.12779 8.86468
Net Charge: N1 0.882608 0.24508 0.25636 0.32097 0.04922
N4 0.612828 0.59919 0.55808 0.21815 0.14747
C5 0.153560 0.20314 0.13549 0.00183 0.01054
C6 0.415308 0.55258 0.50323 0.32198 0.23706
C7 0.213421 0.06542 0.09146 0.03230 0.09949
Dipole Moment (Debye) 4.127 4.065 4.090 3.430 2.876
* MP2 correlation energy value is included in the total energy.
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Figure 3 Ab-initio HF/6–31G** HOMO and LUMO maps of 2,3-dihydro-5,7-dimethyl-1,4-diazepine (Tautomer IIB).
Tautomer  III A (di-imine form) 
Total Energy = -82024.17 kcal/mol 
ΔfHo = -91.41 kcal/mol 
                                          Dipole Moment  =  3.057D 
Figure 4 AM1 optimized geometry of 2,3-dihydro-5-triﬂuoromethyl-7-phenyl-1,4-diazepine (IIIA).
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Tautomer  III B (enamine form) 
Total Energy = -82025.39 kcal/mol 
ΔfHo = -92.63 kcal/mol 
                               Dipole Moment =  1.677 D 
Tautomer  III C (enamine form) 
Total Energy = -82027.14 kcal/mol 
ΔfHo = -94.38 kcal/mol 
                               Dipole Moment =  6.592 D 
Figure 5 AM1 optimized geometry 2,3-dihydro-5-triﬂuoromethyl-7-phenyl-1,4-diazepine (IIIB and IIIC).
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lished the higher stability of the enamine form of the diazepine
ring over the di-imine form by 27.786 kJ/mol.
On the other hand, the present semi-empirical calculations
at the NDDO level (AM1 and PM3) predicted the two tautom-
ers to have nearly the same energies within the reported errors
of the two methods. Thus, although these semi-empirical meth-
ods are accepted now as being reliable computational tech-
niques for molecular geometries and conformational
energies, the use of ab-initio methods remains the most reliable
for predicting accurate molecular energies.
The HOMO-LUMO energy gap calculated by the ab-initio
methods is considerably higher than that calculated by the
semi-empirical methods. However, at both levels of theory
the di-imino tautomer (IIA) is predicted to have a higher gap
in comparison with the enamine form (IIB). This indicates a
higher degree of p-conjugation in tautomer IIB. The ab-initio
HF/6–31G** 2D contour maps and 3D surfaces of the HOMO
and LUMO molecular orbitals of the enamine form (tautomer
IIB) of 2,3-dihydro-5,7-dimethyl-1,4-diazepine are displayed in
Fig. 3. In general, the HOMO level is far more susceptible to
structural changes than the LUMO level. This observation is
consistent with observed Photoelectron spectra of a series of1,4-benzodiazepines derivatives (Zycov et al., 1993), where
the HOMO showed greater susceptibility to the effects of sub-
stituent and structural changes.
In addition, the enamine tautomer (IIB) is also predicted to
have a more polar charge distribution as evidenced by higher
charge separation (see Table 3) and a higher calculated value
of the dipole moment. At the HF/6–31G** MP2 level, the
enamine form (tautomer IIB) is predicted to have a dipole
moment of 4.09 D in comparison with a value of 2.47 D calcu-
lated for the di-imino form (tautomer IIA).
The AM1 calculated geometries of the three tautomeric
forms of 2,3-dihydro-5-methyl 7-phenyl 1,4-diazepine (III)
are depicted in Figs. 4 and 5. While the AM1 preferred confor-
mation of the di-imine form (tautomer IIIA) is the boat con-
formation, that of the two enamine forms (tautomers IIIB
and IIIC) is the half-chair conformation. However, the energy
differences among the three tautomers are small with tautomer
IIIC having the lowest energy and is the most stable of the
three forms. The later form is also the most polar with a dipole
moment value of 6.592 D. Based on these observations, it was
concluded that the more polar enamine tautomer IIIC in the
half-chair conformation will predominate in polar media
through stabilizing inter-molecular solute-solvent interactions.
410 S.T. Hamdi4. Conclusions
The present study has demonstrated the beneﬁts of combining
accurate ab-initio MO calculations for molecular energies and
stabilities, and standard semi-empirical NDDO parameterized
computational schemes (AM1, PM3) for molecular geometries
as an effective framework for investigating large molecular sys-
tems. The ab-initio calculations at all levels clearly indicate
that the enamine form, in the half-chair conformation, is ener-
getically more favored and is more stable than the di-imino
form. At the HF/6–31G**MP2 level, the enamine tautomer
is energetically favored over the di-imine form by 27.786 kJ/
mol. Semi-empirical methods (AM1 and PM3) offer a compu-
tationally less-expensive way of calculating reasonably accu-
rate molecular geometries and ground state properties,
particularly for large molecular systems.
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